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Abstract 

In this paper we explore models in which we add a singlet scalar Higgs to the Stan- 
dard Model. All of these models explain the origin of the mass hierarchy amongst the 
fermion masses and mixing angles. We discuss 24 different variations on this model, 
and explore the different phenomenological possibilities. We find that the phenomeno- 
logical implications of all the models are very similar except in the Higgs sector. Higgs 
decays and signals can be altered very significantly in all the models, but break up 
into two distinct classes. We also describe a systematic method for generating these 
models from higher order interactions involving vector-like quarks and flavon scalars. 



1 Introduction 



One of the major ingredients to the Standard Model (SM) is the mass generating Higgs mech- 
anism. It works remarkably well for describing mass relationships among the electroweak 
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bosons. However, the mass relationships among the fermions is more obscure because the 
Yukawa couplings don't have a predicted structure within the SM. They span over five orders 
of magnitude for no apparent reason. 

Many attempts have been made to generate the mass hierarchy of the fermions pQ. 
Radiative corrections have been used to generate the hierarchy as in [2 J [3J [4| . Warped extra 
dimensions were used in [5] and [6] where the extra dimensions are creatively "apple-shaped" . 

Previous works [7] [S] [H] describe the Yukawa couplings as dependent on functions of Higgs 
fields, acting as higher dimensional operators in the Lagrangian. The mass hierarchy of the 
quarks has a correspondence to the exponents of these operators. The top quark, having 
dimension four Yukawa interaction, has an exponent of zero on its operator; thus its Yukawa 
coupling is the same as it is in the SM. For the remaining quarks, the effective Yukawa 
interactions are successively higher and higher dimensional as we include the lighter quarks, 
and hence as the exponent increases, the masses get smaller. As an explanation for the 
origin of these higher dimensional operators, a Froggatt-Nielsen [TU] type mechanism was 
used |8][9]. 

The operators considered previously were composed from either only a Higgs doublet or 
only a Higgs singlet. This paper generalizes this to allow the possibility for the operators to 
consist of both a doublet and a singlet, with the previous works being the limiting cases. 

2 Effective Model 

2.1 Modeling the Yukawa Couplings 

The higher dimensional operators in the Yukawa couplings make the terms non-renormalizable 
However, this is only an effective theory below a scale M, the mass scale where vector-like 
quarks exist. The operators in Ref. [7j rely on the SM Higgs doublet H, and are of the form 

(0) n m<H, (^) n ^w (i) 

where H = ia^H* . The exponent n is a non-negative integer that may have a different value 
for each pair of generation indices i, j. The coupling coefficients h u , h d are 0(1). The quark 
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doublet qL and quark singlets Ur, d R are the SM quarks. In contrast, the higher dimensional 
operators in Ref. j9] were made by replacing the doublet operator WH with the operator 
S'S, where S field is a complex scalar singlet under the SM. 

(il^J h ^< H > [m^J h ^ d « H - ( 2 ) 

With this setup, the singlet scalar S acts as the messenger of the EW symmetry breaking 
for all the quarks and the leptons except the top quark. 
In the unitary gauge, the parametrization is 

H J ° I, S= ( V8+ *sX (3) 

with v ~ 174 GeV. The value of vs is chosen to also be in the electroweak scale. After 
assigning vacuum expectation values (vevs) to the Higgs fields, the resulting operators can 
be written in terms of dimensionless parameters. 

The mass terms resulting from Eq. (DO) have a coefficient e 2n = (v/M) 2n . 

e 2n h^ L u R v, e 2n h^ L d R v. (5) 

Similarly, the mass terms resulting from Eq. (J2]) have a coefficient (ae) 2n = (vs/M) 2 . 

{aey n hl<? L u j R v, {ae) 2n h%tJ R v. (6) 

Effective dimension four Yukawa couplings, and the mass matrices can then be con- 
structed by using powers of e and a. Since h u , h d are 0(1), the powers needed must reduce 
each matrix element by an appropriate order of magnitude below the top mass. By compar- 
ing masses of the top and bottom quarks with the smallest allowed choice for the exponent 
n, an estimate on the value of e can be established. 

m b Moo hin€ 2 v 9 „„. 9x 

— ~ TV 1 = -F e ~ O(10 -2 ), 7 

TTH M 3 - 3 h^V K h K ' 

and consequently M is around the 1-2 TeV range [H]. 



Knowing the experimentally determined quark masses and the CKM mixing angles, and 
the order of magnitude of e 2 , many possible mass matrices corresponding to Eq. (JTJ) can be 
written down. The mass matrices for the up and down quarks used in Ref. [7] were 
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Similarly, for the mass matrices from Eq. (|2]), as used in Ref. [9], make the replacement 
e 2n i-> (ae) 2n for each element of Eq. (jSJ). 

These two models take the higher dimensional operators to be purely composed of only 
Higgs doublets or only Higgs singlets. But now consider the general possibility of operators 
built from combinations of doublets and singlets. 

\-jp) (if) h ^< H > \Jp) (if) h " qAH - (9) 

Since e regulates the order of magnitude for the mass matrices, it is reasonable to keep 
the same e-texture as in Eq. (JS}. This fixes the value of n that will be used for each matrix 
element. However, this does not restrict the value of ns- Within the mass matrices M u 
and M d , there are 17 matrix elements that may have varying values for the integer ns, only 
restricted by < ns < n. 

For a mass term with a factor of e 2n , the allowed powers of a are the even numbers 
ranging from zero to 2n. Inspection of the mass matrices shows there are four mass terms 
with e 2 (two allowed powers of a), seven with e 4 (three allowed powers of a), and six with 
e 6 (four allowed powers of a). Allowing powers of a to be independent for matrix elements 
with the same power of e means there can be 2 4 3 7 4 6 = 143 327 232 possible Lagrangians. 

To simplify the situation, all matrix elements that have the same power of e are restricted 
to have a common power of a. For example, the mass terms M% 2 and are both propor- 
tional to e 2 . They are restricted to be both be proportional to a or both be proportional to 
a 2 . They are not allow to have different powers of a. This restriction reduces the possible 
Lagrangians down to 2 • 3 • 4 = 24, a much more manageable number. 
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With this restriction, the effective Lagrangian can be written down with common higher 
dimensional operators factored as leading coefficients. 

r Yuk _ iu -3 _,3 tt 
''-quark _ n 33 ( iL u R rl 

+ (l^ ) 2 (w) 2 { hd ^ d K H + ^!4# + ^32^4^ + K 2 qW R H 

+h u 21 f L u R H + h&? L u* R H + h% x f L u R H) 

+ {^Pj 3 (^) 3 fei4# + 4^4# + h d 2l f L d R H 

+h d 13 t L d 3 R H + h d 31 f L d R H + K x t L u l R H) + h.c. 

(10) 

The operator exponents from Eq. (Q have been specified. Since n can takes a fixed value 
according to the flavors of each coupling, it can be directly set (n = 1,2,3). Also, since 
< ns < n, the exponent ns can be specified as such that < < k where k e {1, 2, 3}. 

General expressions for the effective mass matrices and effective Yukawa couplings in the 
gauge basis of the quarks can be found in terms of the of the dimensionless parameters a, e 
and the exponents n, ns- 

M% = a 2ns e 2n h u ljVj M d = a 2ns e 2n h%v, (11) 

= (2(n - n s ) + l)a 2ns e 2n h%, f™ = (2(n - n s ) + l)a 2ns e 2n h d ip (12) 

J™ = 2n 5 a 2 "s-VX J , fff = 2n s a 2n °- 1 e 2n h d j . (13) 

One of the consequences of these higher dimensional operators is flavor changing neutral 
currents in the Higgs sector. This occurs because the effective Yukawa matrices and the 
effective mass matrices will not be proportional. The effective mass matrices will all be 
similar to Eq. (jHJ) with extra factors of a. However, the effective Yukawa matrices will 
have extra numerical factors corresponding to the coefficients resulting from the binomial 
expansions of the operators after they acquire vevs. In Eqs. (TTTT) (p~3|) . factors with n or n s 
will generally be different for each matrix element. 
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Generalized expressions for the quark masses can be found in terms of a, e and rii, n 2 , n.3 
using a biunitary transformation M^- ag = V£* M x V^ Ll where x G {u, d} so that M x is either 
mass matrix from Eq. ffTTT) . 

The effective Yukawa matrices can also be found by Y hx = f hx V^, where V£, V£ 
are the unitary matrices that diagonalized M x . Since the Yukawa matrices f hx ,f sx are not 
proportional to the mass matrices M x , the Yukawa matrices in the mass basis Y hx , Y sx will 
not be diagonal. 

Expansions of the mass and Yukawa matrices were made in powers of e. The masses and 
Yukawa couplings have been expanded to e 6 . The CKM matrix is also given up to e 4 . The 
Calculations were made assuming coupling coefficients are real and symmetric [h% = h^). 
The masses are listed below. The Yukawa couplings and CKM matrix are in the Appendix. 

M£ agn - (« 2 ^n - « 2(2n2 - ni) |0 ^ (14a) 

M^ g22 - 0?^ 22 6 2 - 6 4 + L^-n^ + a ^^\ ^ (ub) 

n.33 \ n 22 n 33 J 

h u 2 h u h u 2 

M u ~ h u I n 4rai 23 r 4 I n 6rai 22 23 r 6 CUrl 
iw diag 33 ~ ^33 + « . « e + a , U 2 e ' l 14c J 

"■33 "-33 

< agll « « 2n < e «, (14d) 

< ag22 « a*^ e 4 - a 2 ( 2 —)^ e 6 ? (14e) 

"33 

2(2n 2 -ni) /2 23 2(6n 2 -3n 1 -2n 3 ) A 22 ^23 I 6 ( Uf \ 

/4 ^3 2 ^3 3 y ■ 1 j 

The Yukawa couplings f hx , f sx are couplings of the quarks to the Higgs fields with both 
field types in the gauge basis. The Yukawa couplings Y hx , Y sx are with the quarks in the 
mass basis, however, the Higgs fields are still in the gauge basis. To get the Yukawa couplings 
in the mass basis of both the quarks and the Higgs fields, the rotation of the Higgs fields 
still needs to be applied (see Sec 12. 2p . Doing so yields couplings Y hx 7 Y' sx of the form 



(Y^ x sin (3 + Y { sx cos (3) Coupling to Higgs mass eigenstate s. (15b) 



1 y'hx 


1 




V2 


1 y'sx _ 


1 


V2 ij 


7! 
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2.2 Higgs Sector and Z' 

In the effective Lagrangian, the Higgs boson S only appears in the product SrS. This means 
it is free to be charged under an additional gauge symmetry while all the SM fields are 
neutral under this new symmetry. This symmetry is assumed to be a U(l)s local symmetry. 
It plays a role — along with extra flavor symmetries — in the mechanism for creating the 
effective Lagrangian. This will be expanded upon in Section |H 

The general Higgs potential which mixes the SM Higgs doublet H with the S is 

V(H, S) = —fx 2 H H^H - fi 2 s S^S + X H (H ] H) 2 + X HS (H ] H)(S ] S) + X S {S ] S) 2 . (16) 

Minimization of the potential to find in terms of the vevs yields 

fi 2 H = v 2 (2X H + a 2 X HS ), fi 2 s = v 2 (2a 2 X s + X HS ). (17) 

The squared mass matrix in the (H , S ) basis is 

2\ H aX HS 
aX HS 2a 2 X s , 

The mass eigenstate basis (h, s) can be written using 

H = h cos 6 + s sin 9, So = —hsin9 + s cos9, (19) 

where the Higgs sector mixing angle 9 is expressible with 

tan2fl= - aXH " . (20) 
X H - a 2 X s 

The physical squared masses at the tree level are 

< s = 2v 2 yXn + a 2 X s =F \j (X H - a 2 A 5 ) 2 + a 2 A^ . (21) 

The Z' gauge boson gets its mass from the pseudoscalar component of S when the U(l)s 
symmetry is broken. Assuming the S has a charge of 1 under this symmetry, and the coupling 
constant is gs, then 



M 2 = 2v 2 



m% = 2g 2 v 2 . (22) 
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The vev vs is of the order of the EW scale. If the coupling g$ ~ then the mass of 

the Z' should also be expected to be near the EW scale. However, since g$ isn't determined, 
the mass may be different. There is no significant bound on the mass of the Z' from LEP 



Since the Z' does not couple to SM fields directly, its presence can only be determined 
from interactions with new fields and mixing with the Z. Mixing can occur through ki- 
netic mixing or from higher order loop effects. Measurements of the Z properties at LEP1 
constrain the mixing to be < 10 -3 [12] [13] , for mz> < 1 TeV. 

The Z 1 will couple to the SM fermions via dimension 6 interactions. No significant bound 
is placed on Mz> from these interactions as was shown in [T4] 

3 Phenomenology 

There are 24 different models that can be composed under the current scheme. Covering 
the specific phenomenology of each model would not be very illuminating. The differences 
can be seen by looking at two different types of signals that can be seen at colliders: Higgs 
decay signatures and FCNC processes. 

3.1 Higgs Decays 

In the low Higgs mass range of the SM, allowed by the LEP limit, say 114-130 GeV, the 
dominant mode of Higgs decay is to two bottom quarks h — > bb. The branching ratio for this 
decay is almost 100%. This is undesirable from an experimental point of view because these 
signals are difficult to disentangle from a large QCD background. In all of the 24 models, 
the branching ratio of this decay can be altered significantly. The 24 models break up into 
two distinct classes. These two classes are characterized by whether we have (WH/M 2 ) or 
(S^S/M 2 ) in the prefactor in the 2nd line of Eq. (10). 

For the 12 models coming from S^S in Eq. (10), h —tbb coupling is 



nu. 




(23) 
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Taking a ~ 1 and 9 ~ 26°, this coupling is reduced significantly compared to that in the 
SM making the observation of the h — y 77 signal at the LHC much more favorable compared 
to the SM. For example, the h — > 77 signal can be enhanced by a factor of 10 as seen in 
Ref. [5] [E] [IB] • Varying the angle 9 drastically alters the branching ratio of the Higgs. If 
there is no mixing, 9 ~ 0°, the structure of Higgs decays is virtually indistinguishable from 
the Standard Model. 

In the other 12 models, with the prefactor in Eq. (10), line 2 given by H^H/M 2 , the 
coupling of /i — » bb is 3e 2 h 33 cos 9. This causes an enhancement of 9 cos 2 9 for the h — > bb. 

The rate for the h — > 77 mode will only change by a factor of cos 2 9. Since h — >• bb is 
enhanced by a factor of 9, while the rate for the h — > 77 mode stays the same, the branching 
ratio for the 77 mode is effectively reduced by a factor of 9. Thus in this class of models, 
the observation of the Higgs signal in the 77 mode will be much more difficult than in the 
SM. 

3.2 FCNC Processes 

3.2.1 t ch 

The observation of the decay mode t — )■ ch will be a clear indication for physics beyond the 
SM. For the SM, this branching ratio is very tiny ~ 10~ 14 [17] . In the models considered 
here, this branching ratio can be much larger, and observable at the LHC. For the 12 H^H 
models, the coupling for the t — > ch mode is h^V^t 2 cos9, giving rise to a branching ratio 
~ 10~ 4 , with /123 ~ 1 and cos9 ~ 1. With large top quark production at the LHC, this 
decay mode with such a branching ratio will be observable at the LHC. For the other 12 
models with S^S, the coupling for t — >■ ch mode is h 32 y/2e 2 sin 9. This BR is also much larger 
than in the SM, however much smaller than the models with H^H. Furthermore, there is 
possibilty of cancellation leading to further reduction in the BR. 

3.2.2 B° s 

In all 24 models this process is mediated by s and h exchange. Amongst the 24 models there 
are 3 different categories of amplitudes for this process. The couplings for the 6 different 
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categories of models are controlled by (WH) 2 , (S^S) 2 , and (H^H)(SftS). 



(H*H) - {H^Hf : A h ~ -5e 8 h e 22 h d 23 cos 2 6/m 2 h (24a) 

A s ~ -5e 8 h e 22 h e 23 sin 2 #/m 2 (24b) 

(H ] H) - (H ] H)(S ] S) : A h ~ a 2 e 8 h e 22 hi 3 sm6(3acos6 -2sm6)/m 2 h (24c) 

A s ~ — a 2 e 8 /i22^23 cos 

fl(3asin# + 2cosfl)/m 2 (24d) 
- (S f S) 2 : A ~ aV^fc^a 2 cos 2 0-8sin 2 0-asin 20) /m£ (24e) 
A s ~ a 6 e 8 h e 22 h d 3 (a 2 sin 2 0-8 cos 2 + a sin 20) /m 2 (24f ) 

(S^S) — (H^H) 2 : Ah ~ — 5e 8 h 22 h 23 cos0(2acos + sin0)/am 2 (24g) 

A s he 8 h e 22 h d 23 sin 0(2a sin - cos 0)/am 2 (24h) 

(S^) - (H^H)(S^S) : A h ~ a 3 e 8 /i 22 /4cos0(2sin0 - 3acos0)/m 2 (24i) 

A s ~ -o?e 8 h e 22 h d 23 sin 0(2 cos + 3a sin 0) /m 2 (24j) 

(S f S) - (S j S) 2 : A h ~ a 6 e 8 h e 22 h d 23 sin 0(a cos - 4 sin 6)/m 2 h (24k) 

v4 s ~ — a 6 e 8 h 22 h 23 cos 0(asin0 + 4cos0)/m 2 (241) 



While there are differences in the form of each amplitude, they are all proportional to e 8 . 
This means the BR ~ 10~ 9 is still within < 4.7 x 10 -8 , the experimental limit [9]. 

3.3 Double Higgs Production 

It is possible to pair produce the vector-like quarks of our model. The dominant decay mode 
( 95%) is to a SM quark and a Higgs (e.g. Ql —> uh). The Higgs will then decay to bb. The 
signal for this process will be 4 6-jets and 2 hard jets. Taking the mass of the vector-like 
quarks to be 1 TeV, the production cross section for pair production at the LHC at 14 TeV is 
60 fb per each new quark [IB] . Because there are more than 50 new quarks in each model, the 
total production cross section for all new quarks will be ~ 30 pb. We place kinematic cuts 
on the signal and background as follows: the invariant mass of the 6-jets, m&j > 100 GeV, 
the p^ ts > 100 GeV and for the 6-jets, p h T > 30 GeV. Using CalcHEP we find that imposing 
these cuts will reduce the branching ratio of the new quarks to BR(Ql uh) ~ 0.9 fb. If we 
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take the 6-tagging efficiency to be 50%, the signal is reduced by a factor of ^ . With these 
cuts and 10 ftT 1 of luminosity we would expect to see ~ 30 events per additional quark in 
the model. 

The SM background for a 6 b final state was calculated in Ref. [12] . With their cuts the 
background is 60 fb. With a 100 GeV cut on each of the final state non-6-jets, we expect that 
the background for bbbbjj in the SM will be of similar order. With a few extra vector-like 
quarks from one of the models the signal should be much larger than the background and 
observable at the LHC with enough luminosity. 

4 Mass Generating Mechanism 

So far, the gauge symmetries of the SM have been extended by an additional U(l)s local 
symmetry. To explain the origin of the operators WH and S^S in the Yukawa couplings, 
some additional £/(1)f, global symmetries will also be employed in the use of a Froggatt- 
Nielsen type mechanism. In the one model where none of the effective low energy interactions 
in the Lagrangian have a coefficient of (S^S) ns , the U(l)s symmetry is not included; it 
essentially decouples from the model, so can be ignored. 

Each U(l)f i global symmetry has a flavor scalar boson Fi (called a flavon) that is charged 
only under it's corresponding symmetry, and neutral with all other symmetries. Because the 
U(l)F i are global symmetries, there are no gauge bosons associated with them. It should 
be noted that even though there is no restriction being placed on the number of Uil)^ 
symmetries, it is not necessary to have more than two. 

The effective Yukawa couplings are created by interactions with new heavy exotic quarks, 
the new flavons Fi, and the Higgs bosons H and S. These quarks will be denoted by Q for 
the doublets, U and D for the singlets. They have the same hypercharges as their SM 
counterparts q, u, and d. 

These extra fields are necessary in a Froggatt-Nielsen mechanism as each field occupies a 
unique position in the charge space of U (l)y X U(l)s x U(1)f 1 x £7(1) f 2 • • • ■ The flavons and 
the Higgs fields provide the interactions that link the fields to their neighbors in the charge 
space. A sequence of interactions is required to move between non-neighboring fields, such 
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as the SM quarks. 

Within a given model, the sequence of field interactions beginning and ending with SM 
particles was chosen so that there is only one sequence connecting any two SM quarks (assum- 
ing backward steps aren't taken within the sequence). Although this isn't strictly necessary, 
if distinctly different sequences of particle interactions were allowed into a model, then some 
models may have explicit terms in the Lagrangian with higher powers of (W H) n ~ ns S) ns 
than are written down. 

In order to make different interaction sequences non-interacting with each other, it is 
necessary to space the non-interacting quark fields at least two quantum numbers away from 
each other in the charge space. This leads to a large number of quark fields being used as 
each interaction sequence path through this space must be long enough to go around many 
other fields and avoid interacting with other paths. 

It should be noted that unlike the SM quarks, which only has right handed singlets and 
left handed doublets, the new heavy quarks occur in left-right pairs and behave vector-like 
with respect to the gauge groups of the SM and U(l)s- The quantum numbers of a left-right 
pair will be identical except for the quantum number of one U (1) f» symmetry. This quantum 
number will differ by a value of one. When this symmetry breaks, the vev of the gives 
mass to the new heavy quarks. The vev of each Fi is are assumed to be around the TeV 
scale. 

4.1 Couplings in the Lagrangian 

The couplings of these heavy quarks in the Lagrangian take on a generalized form. Specifi- 
cally, the couplings each particle has will depend on their charge assignments within a given 
model. The hermitian conjugate of each coupling will also be included in the Lagrangian. 
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For the terms listed in eqs. fl25|) -f )27|) . no summation over the indices is implied. 



fafQiQRF* fa^UlUR^ fa b D D a L D b R F t 

f ab Q QiQ b R Fl fI b U UlU b R F} fI b D DlD b R F} 



fa b Q QlQ b R s f! b u ufu b R s f s ab D DlD b R s 

fa b Q QlQ R s j f s ab u ulu b R s ] f s ab D DiD R s ] 

C U QlU b R H f™QlD b R H 

fa b U W R U b L H C D W R D b L H 




Higgs Singlet Couplings 



Flavon Couplings 



Higgs Doublet Couplings 



(25) 



(26) 



(27) 



All of the coupling coefficients (f FQ ,f FU ,f FD ,f SQ ,f su ,f SD ,f HU ,f HD ) are taken to be 
O(l). 



Every heavy quark will have one coupling from Eq. (125]) where a = b, as this will be a 
massive left-right pair when the flavon F breaks the flavor symmetry. Every heavy quark 
must also have at least one coupling from eqs. (|25p - (|26|) where a ^ b, or from Eq. (|27p where 
a and b are indexed over different quark types. For the few heavy quarks that directly couple 
to the SM quarks, the appropriate replacement should be made to the terms coming from 



4.1.1 The Effective Lagrangian 

In all model variations, the Yukawa coupling h^q\u R H is the only one that involves only 
SM particles. All the other model variations have coefficients of (W H) n ~ ns (S^ S) ns on 
terms which would otherwise be SM Yukawa couplings. These terms are larger than four 
dimensions and come from a process of integrating out the heavy fermions from the tree 
level diagrams, which correspond with terms of the forms from eqs. ( )25|) - (p7|) . 

For example, consider the term (W H / M 2 )h2 Z q 2 L u R H . This terms exists in 12 of the 24 
variations of the effective Lagrangian. One possible heavy quark model has thirteen terms 
associated with this process. This process can be represented by the Feynman diagram in 



eqs. (E5D-(I27D (e.g. Q L Q R ^qZQ R )- 
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H F\ F\ F\ H F\ F\ F\ H F\ F\ F\ F\ 
i i i i i i i i i i i i i 

ttttttttttttt 

d ui ut ul ul Q% Ql Ql Ql K ul u% u* 7 R 

Figure 1: Feynman diagram linking q 2 L to u R in an WH model. 

Fig. [TJ The necessary terms are 

fff&Uffi + CUIUIF, + f^UtUlF, + f^UlulFi + f™UlQ R H 

+ /» + fe,?QlQ R Fi + fl?W R QlFi + f 7 H s U QlU R H (28) 

+ fi^UlFi + fs F Mu R F 1 + f$U*UlFi + f^UlulF, + h.c. 

This particular model choice exhibits only a single extra symmetry U(1)f 1 in the given 
terms. The flavon symmetry breaks, and the flavons acquire a vev (i^). The heavy fermions 
can be integrated out and an effective expression belos the TeV scale is proportional to 

f HU fFU fFU fFU fHU fFQ f FQ fFQ rHU fFU fFU fFU fFU ( {F\) \ H^H -j^ ~ 

J2,4 Ji,A Ji,B J5,5 J5,6 J 6,6 J6,7 J7,7 J7,8 J 8,8 J 8,9 J9,9 J9,3 \ fLf I jLf2 ( iL u R rL ~r l ZJ J 

Thus for this particular model choice, the effective coupling parameter in the low energy 
Lagrangian is 

in fHU rFU fFU fFU fHU fFQ fFQ fFQ fHU fFU fFU fFU fFU ( (Fl) \ /o n \ 
u 23 J2,4 J4,4 J4,5 J 5,5 J 5,6 J 6,6 J6,7 37,7 J7,8 J 8,8 J 8,9 J 9,9 J9,3 I m J ' l ou I 

The couplings / are 0(1). The vev of the flavons is the same order as the vector-like quark 
masses, (Fi) ~ M. This means h u can also be 0(1), consistent with the assumption in the 
effective Lagrangian. 

For a comparison, consider the 12 effective Lagrangians that have the same term, except 
with (WH) i — y (S^S). Some possible model choices may again have thirteen terms. The 
Feynman diagram in Fig. [2] is similar to Fig. [IJ but there are noticeable differences in the 
first 5 interactions. 

J'MQrS + IISWrQlFi + flgOiQlF, + fl2W R QlFi + f^QlQ R S ] 

+ feMQl^ + fsMQiF, + fl?W R QlFi + f 7 H 8 U QlU R H (31) 
+ fgfuZulFi + fiSUlUlF, + f™UiulF x + f™Ufu> R F, + h.c. 
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S F\ F\ F\ S* F\ F\ F\ H F\ F\ F\ F\ 
i i i i i i i i i i i i i 

ttttttttttttt 

3 Qr Qi Q 5 r Qi 0% Ql Ql Ql K ul u% ul 5 

Figure 2: Feynman diagram linking g| to u R in an S^S* model. 

This expression is similar to the previous case, and likewise when the heavy fermions are 
integrated out, the effective expression below the TeV scale looks similar. 

rSQ fFQ f FQ fFQ f SQ fFQ fFQ f FQ f HU fFU fFU fFU fFU ( ^^ ^,3 fr , h „ /oo\ 

J2,4 74,4 J4,5 J5,5 J 5,6 J 6,5 J 6,7 J7,7 J7,8 J 8,8 J 8,9 J9,9 J9,3 I jyj- j "L a R n ' l oz J 

As before, the effective coupling parameters in the low energy Lagrangian can be pulled out 

h u nSQ f FQ f FQ fFQ f SQ fFQ fFQ fFQ fHU fFU fFU fFU fFU ( i^j) 
' i 23 ~ i2,4 J 4,4 J 4,5 J 5,5 J 5,6 J 6,5 J 6,7 J 7 ,7 J7,8 J 8,8 J 8,9 J9,9 J9,3 1 ~T7 

and once again, h% 3 ~ C(l). 

4.2 Charge Assignments for Specific Models 

4.2.1 Effective Lagrangian with only powers of (S^S/M 2 ) 

In the effective Lagrangian where all the interactions of dimension greater than four only 
have powers of (S^ S/M 2 ), the U(l)s symmetry only needs to be accompanied with only one 
U(l)p symmetry. With only these two extra symmetries, one possible model has a set of 166 
heavy quarks (18 U£, 18 U%, 29 D%, 29 D%, 36 Q% 36 Q a R ). The quantum numbers of the 
SM quarks, Higgs doublet, Higgs singlet, and the vector boson are in Table [H The quantum 
numbers of the heavy quarks can be found in Table HI 

4.2.2 Effective Lagrangian with only powers of (H^H/M 2 ) 

In the effective Lagrangian where there are no interactions with the S, the U(l)s symmetry 
is effectively eliminated. 

Some possible choices of fields for a model use only two £7(1)^ symmetries. As indicated 
previously, this means there will be two new bosons F\ and F^. And explicit choice can be 
made that consists of 124 heavy quarks (17 Ul, 17 U%, 20 D a L , 20 D%, 20 Q a L , 20 Q%). The 
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Table 1: Charge assignments of the SM quarks, Higgs doublet, Higgs singlet, and new vector 
boson for an effective Lagrangian with only powers of (S^S/M 2 ). 



Fields 


U(l)s 


U(1) F 


Fields 


U(l)s 


U(1) F 


Fields 


U(l)s 


U(1) F 


Ql 
Ql 
ql 









16 
24 


4 
4 
4 








4 
10 


4 

4 
4 







4 
10 
32 


H 








F 





1 








S 


1 


















Table 2: Charge assignments of the SM quarks, Higgs doublet, and new vector bosons, for 
an effective Lagrangian with only powers of (H^H/M 2 ). 



Fields 


u(i) Fl 


U(1)f 2 


Fields 


U(l) Fl 


U(1)f 2 


Fields 


U(l) Fl 


U(1)f 2 


Ql 

qI 



-2 
-4 




-2 


4 
4 
4 



2 
5 



6 
3 


4 
4 

4 


5 
5 
-6 


-5 

3 
4 


H 










1 













F 2 





1 









quantum numbers of the SM quarks, Higgs doublet, and the vector bosons are in Table |2j 
The heavy quarks have their quantum numbers listed in Table [6j 

4.2.3 Generalized Model 

The two previous models were constructed independently from each other. Each of the other 
22 models can also be constructed independently from each other. However, constructing a 
model and assigning appropriate charges to the heavy quarks for each effective Lagrangian 
doesn't need to be done 24 times. It is possible to construct a generalized model that will 
match any of the effective Lagrangians by simply changing specific groups of particles. 
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Table 3: Charge assignments of the SM quarks, Higgs doublet, Higgs singlet, and the new 
vector bosons, for a generalized model. 



Fields 


U(l)s 


u(i) Fl 


U(1) F2 


Fields 


U(l)s 


U(l) Fl 


U(1) F2 


Ql 





5 


12 


4 





7 


18 


qI 





5 


2 


4 





13 


20 







6 


29 


4 








17 


4 





5 


12 


H 











4 





11 


14 


S 


1 








4 





13 


20 







1 







F 2 








1 



An example of this change was already done in Eqs. (128]) and ( 13TT) . In those expressions, 
the fields U R , U R , and U\ were replaced with Q R , Q A Ll Q R , and Q\\ and the corresponding 
interactions with H were replaced to interactions with S. In terms of their quantum numbers, 
the change in hypercharge of the U(l)y symmetry at either end of the sequence was replaced 
for a change in the charge of the U(l)s symmetry. 

The generalized model presented here uses two U(l)f i symmetries and has 282 heavy 
quarks. The charge assignments of the fields under these symmetries can be found in Tables 
El and[M 

As presented, Tables [7] and [9] are for the effective Lagrangian with only powers of 
(H^H/M 2 ). To adjust the table to fit any of the other variations of the Lagrangian, re- 
place an appropriate set of fields with a different set of fields. The choice of replacements is 
also, in most cases, not unique. A particular choice of replacements is given in Tables [TUHTol 

It should be noted, in the replacement tables the numbering subscript is changed to avoid 
possible duplication of names. For example, the replacement Z/£° t— > Qf° is made instead of 
Ul° i — y <5|° because there already exists a quark with the name Qf. 
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4.3 Charged Leptons 

So far, the mass hierarchy of the quarks has been addressed, but the hierarchy of the leptons 
hasn't been mentioned. Fortunately, the same approach of using vector-like leptons can be 
used. A mass matrix like those from Eqn. flSJ) can be constructed for the charged leptons. It 
turns out, the matrix M e can have the same e texture as M d . 

Thus generally, the mass matrix has and the Yukawa couplings have the form 

M°=oP»J n K^ (34) 

f^ = (2(n~n s ) + l)a 2 ^e 2n h^ (35) 
/* e = 1n s a 2 ^-\ 2n h%. (36) 

Again, the values of n and n$ may vary between matrix elements 

Because it has the same powers of e as the down-type quark sector, it is not always 
necessary to find a set of vector-like leptons from scratch. If a set of vector-like quarks is 
known, then some simple replacements can be made. 

Dt->E, Q^L, U^N. (37) 

Then remove the vector-like leptons that are unnecessary. This will eliminate the unwanted 
interactions with the light neutrinos. nteractions with the light neutrinos. 



5 Conclusions 

Presented here is a scheme under which the fermion mass hierarchy can be understood 
by couplings with other massive vector-like fermions. The effective Yukawa couplings are 
generated by the breaking of global flavor symmetries U(l)F i at the TeV scale. It should be 
noted, as an effective model, it may not be valid above the breaking scale. At that point, 
another mechanism may take over, or the theory may be embedded in a larger symmetry 
group. 

The variations of the effective model have decays and exchange amplitudes that are 
different, based upon the interactions with Higgs doublets H and singlets S. Phenomena 
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that distinguishes between variations of the effective model have Branching Ratios that 
should fall within the observable limits of the LHC. 
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6 Appendix 



6.1 Yukawa Couplings in the Quark Mass Basis 

The expansions made in this section use the unitary transformation matrices that diagonal- 
ize the mass matrices, Mdi ag = V[MVr. It is assumed the mass matrices are symmetric. 
Consequently, the unitary transformation matrices are equal, Vj, = Vr. 

The uuH - Yukawa couplings in the w-mass eigenbasis are Y hu = V^f hu V^. 

Y ± f « ({An 2 - 2m - 7) a 2(n 2 -n!)^ + ( 7 _ 2n 3 )a 2n3 h^ e 6 (38a) 

V "22 / 

Y\2 ~ 2(n 2 - m - l)a 2n *h u 12 e 4 + 2a 2 ^ +n ^h u 23 ( (2 - n 2 )J| + (m - 1)^^) e 6 (38b) 

V ""33 /2 22' i 33/ 

^ « 2a 2 - ((2 - n 2 )K 3 + (m - 1)^) e 4 

+ 2« 2 (-+^ 3 ((1 + ni - n 2 # + (1 - + ( ni - 1) 

V "-33 "22 "33 

Y*? « (3 - 2n 1 )a 2ni /4 2 e 2 + (4rn - 5)a 4ri1 ^ e 4 

"33 

+ ('(6n 1 -7)a 6ni ^|^ + (7 + 2n 1 -4n 2 )a 2 ( n2 - ni )^ > ) e 6 

V ^33 "22 / 

Y& u » 2(m - l)a 2ni ^ 3 e 2 + 2(m - l)^" 1 ^ 3 - e 4 

"•33 

/ h u 2 — 9h u 2 

+ 2(^-1)^3 ^ f 23 (38e) 

V ^33 

+2(n 2 - 2 )a 2 ^- ni >^p + (1 - nOa 4 " 2 ' 2 ™ 1 ^ 2 ^ 3 - ) e 6 

"22 ^22 / 

^ « + (4m - 5)a 4 -§! e 4 + (7 - 6nO« 6ni ^F ^ (38f) 

"33 "33 



h\ 2 h 23 

ri 22 n 33 



(38c) 



(38d) 
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The uuS - Yukawa couplings in the w-mass eigenbasis are Y su = V^f su V^. 
Y™ » 2 ({m - 2n 2 )a 4 " 2 - 2 " 1 - 1 ^ + n^^h^ e 6 
Y£ « 2(m - n 2 )a 2 " 2 -X 2 e 4 + 2 a 2 ^^)- 1 /^ ^%=^^ 6 6 



vsu ^ p^2ra 2 -l n2 ^13^22 n 1^12^23 4 
r i3 ~ 2 « 7^ e 

"-22 

(I,u Uu Uu M /,« 2\ 

"33 ' t 22"'33 "'22 "33/ 

Y 2 S 2 M « 2n 1 a 2ni ~ 1 K 2 e 2 - ^la 4 " 1 " 1 -^- e 4 



uu 
"33 



+ ( -Bma 6 " 1 " 1 ^!^ - 2(m - 2n 2 )a 4 " 2 - 2 " 1 - 1 ^ ) e 6 

^33 ""22 

K? 3 U » -2ma 2ni - 1 /^ 3 e 2 - 2n 1 a 4 "^ 1 ^|^ e 4 



Uu 

"33 



+ 



( 2n 1 a 6 ^- 1 h u 23 2h ^ 2 ^ + a^-^K 711 ^23 g^^l 

V za Uu Z lz Uu 2 

\ ' 4 33 "'22 



Fog" » 4n 1 a 4ni " 1 ^ 3 - e 4 + Bma 6 "- 1 ^- e 6 

"33 "33 

The ddH - Yukawa couplings in the rf-mass eigenbasis are Y hd = vff hd V^. 

Y™ w (7 - 2n 3 )a 2ns h d u e 6 
Y" 12 d « 2(n 3 - n 2 - l)a 2n3 h d 12 e 6 

» 2a 2 ^ ^(4 + 2m - 2n 3 )^ 3 + 2(n 2 - m - l)^fp) 
Y 2 hd w (5 - 2n 2 )a 2ri2 /4 e 4 + (4n 2 - 2m - 7)a 2(n ^ ni) e 6 

"33 

» 2(n 2 - m - l)a 2n2 ^ 3 e 4 + 2(n 2 - m - l)^-" 1 )^ 3 - £ 6 

"-33 

K s ^^(3-2n 1 )a 2 " 1 ^ 3 6 2 

+ ( (7 + 2m - 4n 2 )a 2 (" 2 - ni )^ + (2m - s)^ 6 " 2 - 3 " 1 - 2 ^^^ 
V "33 /i? 3 ' 
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The ddS - Yukawa couplings in the rf-mass eigenbasis are Y sd = V£ f sd V^. 



« 2nza 2n *- 1 h d ll e 6 (41a) 
Yg « 2(n 2 - naja 2 " 3 " 1 ^ e 6 (41b) 

Itf « 2a 2 "- 1 ((n s - nM 3 + (m - na)^) e 6 (41c) 



F 2 f « 2n 2 a 2 ™ 2 - 1 ^ 2 e 4 + 2(rai - 2n 2 )a 4 " 2 - 2 " 1 - 1 ^ 2 f- e 6 (41d) 

™33 

F 2 f » 2(m - n 2 )a 2n2 - 1 ^ 3 e 4 + 2(m - n,)^- 2 ™ 1 " 1 ^ 23 - e 6 (41e) 



F 3 f « 2n 1 a 2ni - 1 4 e 2 



^33 



I 2 „ . . ,hL 2 h^ 4 \ , ( 41f ) 



+ 2 ( (2n 2 - nOa 4 ™- 2 " 1 - 1 ^- - nia ^-^-^-ib^ 



hl 3 ' Z^ 3 
6.2 CKM Matrix 

The Cabbio-Kobayashi-Maskawa matrix is V CKM = V^V^. 

, n/ 4(n2-ni) uu 2 ,^4(?i3-n 2 ) ud 2 ud Uu \ 

1 2 ^ 2 2 2 /4 2 ^ 2 ^ 2y l 1 ; 

V ^22 ^22 / 

+ ( a 2 ^~^h U 2 3 2 ^3 ^|L- _ 2n 2 ^23 

23 ^ 2 ^ 3 2 ^2b) 

, 2(n 3 -ni)i,<i ^12^23 ~ ^13^22 , 4(n 3 -n 2 ) ^11^12 \ 4 

+ 23 Ld 2 l,d + 2 ' 

^22 ^33 ^22 



u u 2 7 u 2 Lii td td /,d 

T/CKM ^ / „4(m-n 2 ). u 2 ^23 n 22 , 2(n 3 -m) At 12^23 At 13^22 
K 31 ~ I « "23 , U , U 2 +° ft d ft d 

' i 13' i 33 ' i 22' i 23 
Ld /,« \ 
a 2(n 3 -n 2 +n 1 ) ^12 U 23 j £ 4 

^22^33 



(42c) 
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h u h d h d 2 

yCKM ^ I 2{n 2 -n 1 )' l 12 _ 2(3n 2 -2ni-n 3 ) rt 22 rt 23 ] 2 
" S ' k 22 hf 2 hi 3 2 

"22 n 33 



h d (h d — h d \ — h d h d h d \ 

_|_ Q ,2(4n 2 -3ni-ri 3 )/ l M 2 ^12V^23 "22 ) "l3"22"23 j £ 4 



^12 ^33 



v.u 2 id t.u t.d 2 /,m 2 | id 2, M 2 

V CKM ^ i f ^4ni "-23 ^2n 2 ^23 U 23 , 4(n 2 -ni) "g3 "l2 "T "23 "22 

9 A 9 \ ( 42e ) 

4(3ra 2 -2m-n 3 ) "22 "23 _ 2(4n 2 -3ni-n 3 ) "22"23 "l2 I 4 

2^12 ^33 ^12^33 ^22, 



3™ ~ fa 2(n2 ~ ni) % - « 2ni %) e 2 + ( a 4 ^-^)M^|3 _ £ 4 (42f) 

V ^33 ^33/ \ ^33 ^33 / 



h d h d 2 

t/CKM ^ ^2(3n 2 -2m-n 3 ) "22"23 2 

"l3"33 

2n 2 "12 "23 "l3"22 _ 4(n 2 -ni) "23"l2 /- s 

"22"33 "33"22 



2(4n 2 -3m-n 3 )i,ci 2 ^13^22 ^23 ) ^12^22^23 | 4 
? * "l2 - ^ - ^ ' 



^13 ^33 



t/CKM _ / 2ni ^23 _ 2(n 2 -m) ^23 A 2 
"33 "33 / 

_|_ / Q 4»i ^22^23 _ a ,4(n 2 -ni) ^-22^23 + Q 2(4n 2 -3m-n 3 ) ^22^23 ^12 j £ 4 
^33 ^33 ^13^33 ^22, 



(42h) 



lii 2 7 d 7 u 7 d 2 , ^ 2, ^ 4 \ 

1 2^ 3 2 2^ 3 2 2^3 2 ^ 3 V 

(42i) 
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6.3 Tables of Charge Assignments for Exotic Quarks 

Table 4: Charge assignments of the heavy Q quarks for a model having an effective La- 
grangian with only powers of (S^S/M 2 ). 



Fields 


U(l)s 


U(1) F 


Fields 


U(l)s 


U(1) F 


Fields 


U(l)s 


U(1)f 


Ql,r 


3 


29, 28 


Q l L,R 


1 


23, 24 


^6L,R 


-2 


4, 3 


Q\,R 


2 


6,7 


^L,R 


1 


27, 26 


O 26 


-2 


18, 17 


Ql,r 


2 


16, 17 


^L,R 





4,3 


O 27 

^L,R 


-2 


20, 19 


Ql,r 


2 


18, 19 


Q l L,R 





26, 25 


O 28 


-2 


24, 23 


Ql,r 


2 


20, 21 


Ql,R 





30, 29 


O 29 


-2 


26, 25 


Ql,r 


2 


22, 23 


^CL,R 





32, 31 


Q30 


-2 


28, 27 


Ql,r 


2 


28, 27 


O 19 


-1 


1, 


Q 3 L,R 


-3 


5, 4 


Ql,r 


1 


7,8 




-1 


3,2 


Q~L,R 


-3 


7, 6 


Ql,R 


1 


9, 10 


Q 2 L,R 


-1 


17, 16 


Q33 


-3 


9, 8 


QlO 


1 


11, 12 


O 22 


-1 


21, 20 


q34 
^L,R 


-3 


11, 10 


Q)l,r 


1 


13, 14 


O 23 

^L,R 


-1 


23, 22 




-3 


13, 12 




1 


15, 16 


O 24 


-1 


29, 28 


Wl,r 


-3 


15, 14 
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Table 5: Charge assignments of the heavy U and D quarks for a model having an effective 
Lagrangian with only powers of (S' S/M 2 ). 



Fields 


U(l)s 


U(1)f 


Fields 


U(l)s 


U(1)f 


Fields 


U(l)s 


U(1)f 


UIr 


1 


1, 


UIr 





8, 9 


ul% 


-1 


11, 10 


UIr 


1 


3, 2 


U 8 l,r 





16, 15 


ul% 


-1 


15, 14 


UIr 


1 


5, 4 


Ul,R 





18, 17 


ul% 


-2 


4, 5 


u L R 


1 


7, 6 


UI°r 





22, 21 


ul% 


-2 


6, 7 


u L,R 


1 


19, 18 


u L,R 





24, 23 


U L,R 


-2 


12, 11 


UIr 


1 


21, 20 


jj\2 

U L,R 


-1 


7, 8 


7718 


-2 


14, 13 


DIr 


3 


29, 30 


nil 

U L,R 





22, 21 


D 21 

U L,R 


-2 


30, 31 


DIr 


2 


6, 5 


DIr 





24, 23 


DIr 


-3 


15, 16 


DIr 


2 


30, 31 


DIr 


-1 


7, 8 


DIr 


-3 


17, 18 


D%r 


1 


5, 4 


DIr 


-1 


11, 10 


DIr 


-3 


19, 20 


Dl,R 


1 


19, 18 


DIr 


-1 


15, 14 


DIr 


-3 


21, 22 


DI,r 


1 


21, 20 


r)16 


-1 


31, 32 


DIr 


-3 


23, 24 


DIr 


1 


31, 32 




-2 


4, 5 


DIr 


-3 


25, 26 


DI,r 





8, 9 


DIr 


-2 


6, 7 


DIr 


-3 


27, 28 


DU 





16, 15 


DIr 


-2 


12, 11 


DIr 


-3 


29, 30 


DI°r 





18, 17 


DIr 


-2 


14, 13 
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Table 6: Charge assignments of the heavy Q, U, and D quarks for a model having an effective 
Lagrangian with only powers of (WH/M 2 ). 



Fields 


u(i) Fl 


U(1) F2 


Fields 


U(l) Fl 


C/(1) F2 


Fields 


u(i) Fl 


U(1) F2 


Q\,R 


5, 4 


-5, -5 




1,0 


-3, -3 




-3, -4 


-1,-1 


Q\,R 


5, 4 


3, 3 


Q\,R 


0, 1 


4, 4 


VL,fl 


-3, -3 


1,0 


Q\ R 


3, 2 


-5, -5 


nio 


0,-1 


6, 6 




-4, -3 


6, 6 


Ql R 


3, 3 


-1,0 




-1,-1 


-1, -2 




-4, -4 


-4, -3 


Ql,r 


3, 3 


3, 4 




-1, -2 


-5, -5 




-5, -5 


1, 


Ql,r 


2, 1 


6, 6 


Vl,r 


-1,-1 


1, 




-6, -5 


4,4 


Q 7 L,R 


1, 1 


1, 




-2,-3 


4, 4 




Ul,R 


2, 3 


-1, -1 


Ola 


-1,-1 


2, 1 


7-7-13 

U L,R 


-3, -3 


4,3 


Ul,n 


0, 1 


-1, -1 




-1,-1 


4, 3 


ttU 

U L,R 


-5, -4 


-2, -2 


u L R 


1, 1 


2, 1 


u L R 


-1,-1 


6, 5 


7-7-15 

U L,R 


-5, -4 


6, 6 


U L,R 


1, 1 


4, 3 


j- 7-10 
U L,R 


-2,-2 


-3, -2 


uh% 


-5, -5 


0,-1 


U L,R 


-1, -1 


-4, -5 


U L,R 


-2,-2 


-1,0 




-5, -5 


4,5 


Ul,R 


0,-1 


-3, -3 


7-7-12 
U L,R 


-3, -3 


2, 1 




D\, R 


3, 3 


0, 1 


D 8 

L,R 


0, 


-1,0 


D 15 

L,R 


-3, -2 


6, 6 


D 2 

L,R 


3, 3 


4, 5 


D 9 

L,R 


1, 


2, 


L,R 


-2, -3 


-5, -5 


n 3 

L,R 


3, 2 


2, 2 


JJ10 

L,R 


-1,0 


4,4 




-4, -4 


-5, -4 


D 4 


3, 2 


6, 6 


n 11 

L,R 


-1,-2 


-2, -2 


Df, R 


-3, -4 


-2, -2 


U L,R 


2, 1 


-5, -5 


L,R 


-2,-2 


1,0 


D 19 


-3, -4 


2,2 


D%R 


1, 1 


-4, -3 


ni3 

L,R 


-1, -2 


2, 2 


D 20 

L,R 


-5, -5 


2, 1 


Dl,R 


1, 1 


-2, -1 


L,R 


-2,-2 


5,4 
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Table 7: Charge assignments for the heavy quark doublets to be used in a generalized model. 
The given values are for the case where all coefficients are of the form (WH/M 2 ) n . See Tables 
[TUHT51 to make the necessary changes for the different Lagrangians. 



Fields 


u(i) Fl 


17(1)2* 


Fields 


U(l) Fl 


U{1)f 2 


Fields 




l7(1) F2 


Ql,r 


o, 





3, 


2 


Q 2 L,R 


2, 


3 


29, 


29 


Ql,r 


7, 


7 


18, 17 


Ql,r 


o, 





5, 


4 


Q 2 L,R 


3, 


4 


2, 


2 


Ql,r 


7, 


6 


2, 2 


Ql,r 


o, 





9, 


8 


Q 2 L,R 


3, 


4 


12, 


12 


Ql,r 


7, 


6 


12, 12 


Ql,r 


o, 





11, 


10 


Q 2 L,R 


4, 


5 


29, 


29 


Q%R 


8, 


7 


3, 3 


Ql,r 


o, 





15, 


14 


Ql,R 


5, 


5 


o, 


1 


Ql,r 


7, 


7 


4, 5 


Ql,r 


o, 





17, 


16 


Q 2 L,R 


7, 


6 


o, 





QT,r 


7, 


7 


6, 7 


Q 7 L,R 


2, 


2 


1, 


2 


Q\,R 


9, 


8 


o, 





Q¥,r 


7, 


7 


8, 9 


Ql,r 


2, 


2 


3, 


4 


Q 2 L,R 


11, 


10 


o, 





Q A L,R 


7, 


7 


10, 11 


Ql,r 


2, 


2 


5, 


6 


Q 2 L,R 


13, 


12 


o, 





Ql,r 


10 


9 


3, 3 


VL.fi 


2, 


2 


7, 


8 




15, 


14 


o, 





O 50 

V_L.fi 


11, 


11 


4, 4 


Ql,r 


2, 


2 


9, 


10 


Ql,r 


15, 


15 


2, 


1 


Q51 
VL.fi 


11, 


11 


6, 5 


Ql,r 


2, 


2 


11, 


12 


n 32 


15, 


15 


4, 


3 


n 52 

VL.fi 


13, 


12 


4, 4 


o 13 


2, 


2 


13, 


14 


O 33 


15, 


15 


6, 


5 


O 53 
VL.fi 


13, 


13 


6, 5 


Ql,r 


2, 


2 


15, 


16 


O 34 

^L,R 


5, 


5 


5, 


6 


O b4 

VL.fi 


6, 


6 


31, 30 


Ql?,r 


2, 


2 


17, 


18 


O 35 

VL,fi 


5, 


5 


8, 


7 


VL.fi 


7, 


7 


22, 23 


VL.fi 


2, 


2 


19, 


20 


O 36 


5, 


5 


14, 


15 


VL.fi 


7, 


8 


24, 24 


Ql,r 


2, 


2 


21, 


22 


O 37 


5, 


5 


16, 


17 


VL.fi 


7, 


7 


26, 27 


Ql8 

VL.fi 


2, 


2 


23, 


24 


O 38 


5, 


5 


20, 


21 


VL.fi 


8, 


9 


26, 26 


(l 19 
VL.fl 


2, 


2 


25, 


26 


n 39 

VL.fi 


5, 


5 


22, 


23 


VL.fi 


8, 


7 


29, 29 




2, 


2 


27, 


28 




7, 


7 


16, 


15 


Cont. on Table [8] 
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Table 8: Charge assignments for the heavy quark doublets to be used in a generalized model. 
The given values are for the case where all coefficients are of the form (H 1 H/M 2 ) n . See Tables 
[TUHrSl to make the necessary changes for the different Lagrangians. 



Fields 



17(1)* 17(1) 



>F 2 



Cont. from Table [7] 



/Q60 


10, 9 


29, 29 




8, 7 


33, 33 


(Q62 


10, 9 


33, 33 


Vl,r 


7,8 


20, 20 




9, 9 


20, 21 




9, 9 


10, 9 




9, 9 


12, 11 



Fields 


U(l) Fl 


17(1)* 


Fields 


U(l) Fl 


U(1) F2 


O 67 


9, 9 


16,15 


O 75 


13, 13 


12, 11 


Vl,r 


9, 9 


18, 17 




13, 13 


14, 13 




11, 11 


12, 11 


Q 7 L,R 


13, 13 


18, 17 


o 70 


11, 11 


14, 13 


o 7S 


13, 13 


20, 19 


Ql,r 


11, 11 


18, 19 


O 79 


13, 13 


24, 25 


Q 7 L,R 


11, 11 


20, 21 


n 80 


13, 13 


26, 27 


o 73 


11, 11 


24, 25 


o 81 


13, 13 


30, 31 


O 74 


11, 11 


26,27 


O 82 


13, 13 


32, 33 
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Table 9: Charge assignments for the heavy quark singlets to be used in a generalized model. 
The given values are for the case where all coefficients are of the form (H^H/M 2 ) n . See 
Tables fTUHTol to make the necessary changes for the different Lagrangians. 



Fields 


U(l) Fl 


U(1)f 2 


Fields 


u(i) Fl 


U(1)f 2 


Fields 


U(l) Fl 


U(1)f 2 


UU 


o, 





2,1 


Ul 2 R 


5, 


5 


17, 


18 




11, 


10 


33, 


33 


UIr 


1, 


2 


1, 


1 


UI'r 


5, 


5 


19, 


20 


Ul 4 R 


13, 


12 


33, 


33 


U L,R 


o, 





6, 


5 


ul% 


5, 


5 


23, 


24 


UIr 


13, 


13 


7, 


6 


UIr 


o, 





8, 


7 


ul% 


5, 


5 


25, 


26 


ul% 


13, 


13 


9, 


8 


Ul,R 


o, 





12, 


11 


ul% 


5, 


6 


27, 


27 


UIr 


13, 


13 


11, 


10 


UIr 


o, 





14, 


13 


U L,R 


6, 


6 


28, 


29 


UIr 


13, 


13 


27, 


28 


UI,r 


5, 


5 


3, 


2 


r/18 
u L,R 


11, 


11 


7, 


6 


uf R 


13, 


13 


29, 


30 


UI,r 


5, 


5 


5, 


4 


r/19 
u L,R 


11, 


11 


9, 


8 


U%R 


13, 


13 


21, 


22 


tj 9 


5, 


5 


9, 


8 


r/20 


11, 


11 


11, 


10 


7-/31 


13, 


13 


23, 


24 


7-/10 

u L,R 


5, 


5 


11, 


10 


r/21 
u L,R 


11, 


11 


15, 


16 












U L,R 


5, 


5 


13, 


14 


r/22 


11, 


11 


17, 


18 












Dl,R 


5, 


5 


12, 


13 


nil 

^ L,R 


9, 


9 


21, 


22 


- L> L,R 


11, 11 


21, 


22 


DIr 


6, 


7 


13, 


13 


U L,R 


8, 


9 


24, 


24 


DIr 


11, 


11 


23, 


24 


dU 


7, 


7 


14, 


15 


U L,R 


9, 


9 


25, 


26 


DIr 


11, 


10 


29, 


29 


L,R 


6, 


6 


32, 


31 


U L,R 


9, 


9 


13, 


12 


DIr 


11, 


11 


27, 


28 


L,R 


7, 


6 


33, 


33 


nis 

U L,R 


9, 


9 


15, 


14 


DIr 


13, 


13 


15, 


14 


D%r 


7, 


7 


19, 


20 


DIr 


9, 


9 


9, 


8 


DIr 


13, 


13 


17, 


16 


DIr 


7, 


6 


27, 


27 


DIr 


10, 


11 


8, 


8 


DIr 


13, 


13 


21, 


22 


D 8 

L,R 


6, 


6 


28, 


29 


nis 

U L,R 


12, 


13 


8 


8 


DIr 


13, 


13 


23, 


34 


n 9 


8, 


9 


18, 


18 


DIr 


14, 


15 


8, 


8 












nlO 

U L,R 


8, 


7 


22, 


22 


DIr 


15, 


15 


7, 


6 
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Table 10: Replacements made to Tables 0- [9] when changing the single power coefficient 
(H^H/M 2 ) to (S^S/M 2 ). The quantum numbers for the C/(1)fi and U(1)f 2 symmetries do 
not change. 



Fields 


U(l)s 




Fields 




D\, R 





i — y 


v^fi 


1 







i — y 


O 84 


1 


Di, R 







O 85 
VL.fi 


1 









-086 
VL.fi 


1 


TI 8 









1 


7-7-18 

U L,R 







f) 88 


1 


TI 19 





1 — ^ 


/Q89 
VL.fi 


1 


r;20 
U L,R 





1 — ^ 


VL.fi 


1 



Table 11: Replacements made to Tables 0- [9] when changing the second power coefficient 
(WH/M 2 ) 2 to (WH/M 2 )(S^S/M 2 ). The quantum numbers for the £7(1)^ and U(1) F2 
symmetries do not change. 



Fields 


U(l)s 




Fields 


U(l)s 


77-25 





(-)• 


O 91 

VL.fi 


1 


7-/26 





1 — y 


O 92 


1 


TI 27 







o 93 

VL.fi 


1 


ttU 
U L,R 





!-)■ 


O 94 

VL.fi 


1 


7-/15 







O 95 

VL.fi 


1 


r/16 





1 — ^ 


O 96 

VL.fi 


1 


TI 17 







(097 
VL.fi 


1 


D 21 

L,R 







O 98 

VL.fi 


1 


D 22 

L,R 





1 — ^ 


VL.fi 


1 


o 65 







n29 

U L,R 


1 


VL.fi 









1 
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Table 12: Replacements made to Tables 0- [9] when changing the second power coefficient 
(H^H/M 2 ) 2 to (S^S/M 2 ) 2 . The replacements from Table [TT1 must also be made with these 
replacements. The quantum numbers for the U(1)f 1 and U(l)p 2 symmetries do not change. 



Fields 


^(1)5 




Fields 


U(l)s 


f)25 
U L,R 





i — y 


(QlOO 

Vi ; fi 


1 


r,26 







Vi,fi 


1 


7-7-12 

U L,R 





\-> 


o 102 


1 


r/13 
U L,R 





i — y 


o 103 


1 


D 23 

L,R 





i — y 


(Q104 
VL,fi 


1 


D 24 





i — y 


(Q105 
VL,fi 


1 


n 67 







n3i 

U L,R 


1 


n68 







f)32 
U L,R 


1 



Table 13: Replacements made to Tables 0- [9] when changing the third power coefficient 
(H^H/M 2 ) 3 to (H^H/M 2 f(S ] S/M 2 ). The quantum numbers for the £/"(l) Fl and C/(1)f 2 
symmetries do not change. 



Fields 






Fields 


U(l)s 







i — y 


Vi,fi 


1 







i — y 


r)io7 


1 


U L,R 





i — ^ 


ni08 
Vi,fi 


1 


L,R 





i — ^ 


O 109 

VL,fi 


1 


Ql,r 







r)33 


1 







1 — 7 s " 


U L,R 


1 
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Table 14: Replacements made to Tables 0- M when changing the third power coefficient 
(WH/M 2 ) 3 to (W H / M 2 )(S^ S / M 2 ) 2 . The replacements from Table M must also be made 
with these replacements. The quantum numbers for the U(1)f 1 and U(1)f 2 symmetries do 
not change. 



Fields 


U(l)s 




Fields 


U(l) S 


U 3 









1 


U 4 

U L,R 





1 — y 


qui 


1 


7723 





1 — y 


n ll2 


1 


J J 24 





1 — y 


Q113 


1 


^L,R 





1 — y 


r>35 

L,R 


1 


^L,R 





1 — y 


n36 
U L,R 


1 



Table 15: Replacements made to Tables 0- [9] when changing the third power coefficient 
(H^H/M 2 ) 3 to (S^SyM 2 ) 3 . The replacements from Tables [T31 and [TH must also be made 
with these replacements. The quantum numbers for the £7(1)^ and U(l)p 2 symmetries do 
not change. 



Fields 


U(l)s 




Fields 


U(l)s 


TI 5 





1 — y 




1 











1 







1— > 




1 







1 — y 




1 


n 63 





1 — y 


r>37 

U L,R 


1 


O 64 





1 — y 


r>38 


1 
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